−/− mice, a model of human gray platelet syndrome, have reduced neutrophil granularity and impaired host defense against systemic Staphylococcus aureus infection. We here aimed to study the role of Nbeal2 deficiency in both leukocytes and platelets during gram-negative pneumonia and sepsis. Approach and Results-We studied the role of Nbeal2 in platelets and leukocytes during murine pneumonia and sepsis by Klebsiella pneumoniae. Apart from platelet α-granule deficiency and reduced neutrophil granularity, also monocyte granularity was reduced in Nbeal2 −/− mice, whereas plasma levels of MPO (myeloperoxidase), elastase, NGAL (neutrophil gelatinase-associated lipocalin), and MMP-9 (matrix metalloproteinase 9), and leukocyte CD11b expression were increased. Nbeal2 −/− leukocytes showed unaltered in vitro antibacterial response and phagocytosis capacity against Klebsiella, and unchanged reactive nitrogen species and cytokine production. Also during Klebsiella pneumonia and sepsis, Nbeal2 −/− mice had similar bacterial growth in lung and distant body sites, with enhanced leukocyte migration to the bronchoalveolar space. Despite similar infection-induced inflammation, organ damage was increased in Nbeal2 −/− mice, which was also seen during endotoxemia. Platelet-specific Nbeal2 deficiency did not influence leukocyte functions, indicating that Nbeal2 directly modifies leukocytes. Transfusion of Nbeal2 −/− but not of Nbeal2 +/+ platelets into thrombocytopenic mice was associated with bleeding in the lung but similar host defense, pointing at a role for platelet α-granules in maintaining vascular integrity but not host defense during Klebsiella pneumosepsis. Conclusions-These data show that Nbeal2 deficiency-resulting in gray platelet syndrome-affects platelets, neutrophils, and monocytes, with intact host defense but increased organ damage during gram-negative pneumosepsis. Visual Overview-An online visual overview is available for this article.
P latelets contain several granules that are crucial for their function. 1 Platelet α-granules contain >300 proteins, which can influence platelet activation, coagulation, immune cell chemotaxis and phagocytosis, and in addition hold antimicrobial factors. 1, 2 Patients with gray platelet syndrome (GPS) lack α-granules in their platelets, resulting in impaired platelet function. 3 Most cases of this disease are caused by Nbeal2 mutations. 3 Two case series have suggested that GPS patients may also have neutrophil abnormalities, 4, 5 although another study could not confirm this. 6 Neutrophil anomalies reported include a decreased number of specific granules and secretory vesicles and increased expression of CD35, CD11b, and CD18. 4, 5 Nbeal2 deficient (Nbeal2
−/−
) mice represent a model of human GPS. A recent study has shown that neutrophil anomalies are present in Nbeal2 −/− mice. 7 Nbeal2 deficiency resulted in severely reduced neutrophil and natural killer cell granularity and impaired host defense after intravenous injection of Staphylococcus (S.) aureus or murine cytomegalovirus. 7 Apart from neutrophils and natural killer cells, Nbeal2 −/− mast cells also have decreased granularity, along with increased cytokine production. 8 As neutrophils are crucial for host defense during pneumonia and sepsis, 9, 10 we aimed to study the role of Nbeal2 herein. Moreover, platelets also play an important role in host defense during pneumonia, 11, 12 and the role of α-granules has not been investigated. Thus, to study the role of Nbeal2 deficiency in both cell types in pneumonia, we infected Nbeal2 −/− and wildtype mice intranasally with the common human sepsis pathogen Klebsiella (K.) pneumoniae. 13, 14 This clinically relevant model starts with a low dose of bacteria which evolves from localized pneumonia to fulminant sepsis, with bacterial dissemination and organ failure.
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Materials and Methods
The authors declare that all supporting data are available within the article and in the online-only Data Supplement.
Animals
Specific pathogen-free Nbeal2 −/− mice and Nbeal2 +/+ littermate controls on a C57Bl/6 background (MMRRC, Davis, CA) and IL4R/ GPIb-α (interleukin-4 receptor/glycoprotein Ib-α) transgenic mice on a Gpiba −/− and C57Bl/6 background 15 were bred in the animal facility of the Academic Medical Center. All experiments were conducted with both male and female mice between 8 and 12 weeks of age; in each experiment groups were age and sex matched. The Institutional Animal Care and Use Committee of the Academic Medical Center approved all experiments.
Electron Microscopy
Platelets were isolated from Nbeal2 −/− and Nbeal2 +/+ mice. Citrated blood was centrifuged at room temperature for 10 minutes at 130g to obtain platelet-rich plasma. Platelet-rich plasma was centrifuged at 800g for 15 minutes in the presence of prostaglandin E1 (SigmaAldrich, St. Louis, MO) and acid citrate dextrose (Sigma-Aldrich). Neutrophils were purified from bone marrow of Nbeal2 −/− and Nbeal2 +/+ mice using anti-mouse Ly6G magnetic beads (Miltenyi Biotec B.V., Leiden, The Netherlands) according to manufacturer's instructions. Purified platelets and neutrophils were fixed in a 0.1 mol/L phosphate buffer with 4% paraformaldehyde (Merck, Darmstadt, Germany) and 1% glutaraldehyde (Sigma, St. Louis, MO). After washing with phosphate buffer, the specimens were postfixed with a solution of 1% osmium oxide in water. Subsequently, the specimens were dehydrated in an ethanol series and embedded in epoxy resin (LX112). For electron microscopic analysis, ultrathin (70 nm) sections of the samples were cut with a diamond knife, collected on formvar-coated grids and counterstained with uranyl acetate and lead citrate. All samples were examined and photographed in an FEI Tecnai T12 transmission electron microscope at the Electron Microscopy Centre Amsterdam.
Ex Vivo Stimulations
Citrated blood was drawn from Nbeal2 −/− and Nbeal2 +/+ mice from the vena cava inferior. Blood was incubated with viable K. pneumoniae (10 6 colony forming units/mL; serotype 2; ATCC 43816, Rockville, MD) for 2 hours at 37°C for determination of bacterial loads. After 2 hours, blood was serially diluted and plated on blood agar plates, which were put at 37°C for 14 hours after which Klebsiella colonies were counted. Also, blood was incubated with heat-killed K. pneumoniae (10 6 colony forming units) for 6 hours at 37°C for determination of cytokine/chemokine levels, MPO (myeloperoxidase) and NGAL (neutrophil gelatinase-associated lipocalin), or with PAR4AP (protease-activated receptor 4 activating peptide; 0.4 mg/mL, American Peptide Company, Sunnyvale, CA) for 30 minutes at room temperature. For plasma measurements, blood was spun at 3000g. Neutrophils were isolated from bone marrow of naive Nbeal2 −/− and Nbeal2 +/+ mice using anti-mouse Ly6G magnetic beads (Miltenyi Biotec) in accordance with manufacturer's instructions.
Flow Cytometry
Flow cytometry was done on FACS Calibur (Becton Dickinson, Franklin Lakes, NJ). Platelet counts were measured using hamster anti-mouse CD61 mAb (BioLegend, San Diego, CA). Platelet activation was measured using rat anti-mouse CD62P (BD Biosciences) and rat anti-mouse CD63 (Thermo Fisher Scientific, Waltham, MA). Leukocyte count, activation and platelet-leukocyte complex formation were determined by using rat anti-mouse CD11b mAb and rat anti-mouse Ly6C&G mAb (both BD Biosciences, San Diego, CA) or rat anti-mouse CD115 mAb (Thermo Fisher Scientific) in combination with hamster anti-mouse CD61 mAb (gating strategy shown in Figure I in the online-only Data Supplement). In bronchoalveolar lavage fluid, neutrophils were identified as LyC&G + and CD115 − cells and macrophages as CD115 + cells. For phagocytosis experiments, blood from Nbeal2 −/− and Nbeal2 +/+ mice was incubated with fluorescein isothiocyanate (FITC)-labeled UV-killed Klebsiella for 30 minutes a 37°C, after which internalization was assessed by flow cytometry. 16 Phagocytosis is reported as phagocytosis index: geometric mean fluorescence intensity of FITC signal×percentage of FITC positive cells. For measurement of reactive oxygen species, whole blood was incubated with dihydrorhodamine (DHR) 123 (Sigma) for 15 minutes at 37 degrees and stimulated with phorbol 12-myristate 13-acetate (PMA, Sigma) for 1 hour at 37 degrees. DHR 123 is oxidized by reactive oxygen species into a fluorescent Rhodamine 123, which was measured by flow cytometry.
Mice Experiments Study Design
Pneumonia and sepsis were induced by intranasal inoculation with K. pneumoniae (ATCC 43816; 10 4 colony forming units in 50 μL isotonic saline), as previously described. 11 Mice were euthanized 12, 36, or 42 hours after induction of pneumonia (n=8 per group). Lungs for pathology and bronchoalveolar lavage fluid were obtained in separate experiments to avoid sample dilution, as previously described. 17 Bacterial quantification and storage of lung, blood, liver, and spleen were performed as previously described; organ homogenates were diluted 1 to 5 in normal saline before plating. 11 Endotoxemia was induced by intravenous injection of lipopolysaccharide (from K. pneumoniae, 1 µg/g, Sigma-Aldrich) and mice were euthanized 4 hours after injection.
Transfusion Experiments
IL4R/GPIb-α mice were injected with anti-human IL4R antibody intraperitoneally (2.5 µg/g, R&D Systems, Minneapolis, MN) 2 hours before the experiment to deplete platelets as described. 18 Uninfected Nbeal2 +/+ or Nbeal2 −/− mice were euthanized, and blood was collected with a 21-gauge needle from the inferior vena cava and diluted 4:1 with citrate. Blood was centrifuged at room temperature for 10 minutes at 130g to obtain platelet-rich plasma. Platelet-rich plasma was centrifuged at 800g for 15 minutes in the presence of prostaglandin E1 and acid citrate dextrose. Platelet pellets were subsequently resuspended in SSP+ (storage solution for platelets; Sanquin Blood Supply, Amsterdam, the Netherlands) and immediately transfused into IL4R/GPIb-α mice at 3×10 8 platelets per mouse and mice were infected with Klebsiella 1-hour later. Furthermore, in a pilot experiment, IL4R/GPIb-α mice platelet depleted with anti-hIL4R antibody were transfused with buffer or 6×10 8 wild-type platelets per mouse (day 0), and platelet counts were determined at day 1 and day 2. 
Protein Measurements
Pathology and Immunohistochemistry
The paraffin-embedded left lung was cut into 4-μm sections and stained with hematoxylin and eosin (H&E). Slides were coded and scored by a pathologist blinded for group identity as previously described. 11 In short, the following parameters were scored in lungs from 0 (absent) to 4 (most severe): interstitial inflammation, endotheliitis, bronchitis, edema, pleuritis, bleeding, and presence of thrombi; in the liver inflammation was scored (0-4). The total histopathology score was calculated as the sum of the scores of all individual parameters. To determine neutrophil influx in the lung, sections were stained with anti-mouse Ly6G mAb (BD Biosciences) as previously described. 11 For fibrin(ogen) staining of the lung, slides stained with rabbit anti-mouse fibrinogen (ASMFBGN-GF, Gentaur, Eersel, The Netherlands). To determine neutrophil extracellular trap formation, sections were stained with anti-mouse citrullinated histone 3 (CitH3, Abcam, Cambridge, United Kingdom). In detail, antigen retrieval was performed with citrate on deparaffinized slides. Slides were incubated with anti-CitH3 (1:4000) in normal antibody diluent (Immunologic, Duiven, The Netherlands) overnight and subsequently incubated with Brightvision poly-HRP anti-rabbit IgG (Immunologic) for 30 minutes after which slides were stained with DAB (Immunologic). Although ideally multiple markers are used for neutrophil extracellular trap detection, CitH3 is a specific marker for neutrophil extracellular traps in murine lung infection. 19 After staining, expression was semiquantified by digital image analysis: slides were scanned with the Olympus Slide system (Olympus dotSlide, Tokyo, Japan) to generate TIFF images of the full tissue section. Ly6G and CitH3 positivity were measured using Image J (US National Institutes of Health, Bethesda, MD); the total lung surface area was identified using the outline of the tissue, and the amount of positivity was expressed as a percentage of the total lung surface area.
Major Resources Table
Major resources table is available in the online-only Data Supplement.
Statistical Analysis
Data are expressed as bar or as box and whisker plots. Comparisons between all groups at different time points were first performed using a Kruskal-Wallis test; only when significant differences were present, 2 groups at individual time points were compared using the Mann-Whitney U test. These nonparametric tests were used because the data were not normally distributed. Analyses were done using GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA). P values <0.05 were considered statistically significant. 
Results
Nbeal2
Nbeal2 −/− Mice Have Abnormalities in Neutrophils and Monocytes
In line with findings of Sowerby et al, 7 Nbeal2 −/− mice displayed increased neutrophil counts ( Figure 1A ; P<0.05 versus controls) and strongly reduced neutrophil granularity ( Figure 1B ; P<0.05 versus controls). Monocyte granularity was also reduced, albeit to a lesser extent ( Figure 1C ; P<0.05 versus controls), whereas monocyte counts were similar ( Figure 1D ). In support of previous results, 7 electron microscopy revealed that all granule (primary, secondary, tertiary, and secretory) types were reduced in Nbeal2 −/− neutrophils ( Figure 1E ). We additionally found that in plasma of uninfected Nbeal2 −/− mice, levels of MPO and elastase (from azurophilic granules), NGAL (from secondary granules), and MMP-9 (from tertiary granules) were increased, indicating either increased release of these granular proteins when neutrophils enter the circulation or leakage into the plasma during hematopoiesis ( To assess whether granular contents is increased in plasma because of excretion when neutrophils enter the circulation or leakage during hematopoiesis, we isolated neutrophils directly from bone marrow and found that levels of MPO and elastase were already strongly reduced ( Figure III in the online-only Data Supplement). This indicates that granule contents are not adequately put in neutrophils in the bone marrow and instead most likely leaks out into circulation.
Nbeal2 Deficiency Does Not Influence Leukocyte Antibacterial Effector Functions Toward K. Pneumoniae In Vitro
As Nbeal2 deficiency can impair host defense after intravenous injection of S.aureus, 7 we aimed to investigate whether antibacterial leukocyte functions against K. pneumoniae were affected. Blood from Nbeal2 −/− and control mice was incubated with viable K. pneumoniae, and growth inhibition was assessed after 2 hours; similar bacterial loads were detected in both groups ( Figure IVA in the online-only Data Supplement). Also, phagocytosis of FITC-labeled UV-radiated K. pneumoniae by neutrophils or monocytes was unchanged by Nbeal2 deficiency ( Figure IVB and IVC in the online-only Data Supplement), in line with findings for S. aureus. 7 In accordance with the report by Sowerby et al, 7 reactive oxygen species formation was reduced in Nbeal2 −/− neutrophils when compared with controls ( Figure IVD in the online-only Data Supplement). We furthermore assessed reactive nitrogen species formation by measuring nitric oxide levels after stimulation with K. pneumoniae, which was similar between groups ( Figure IVE in the online-only Data Supplement). As a previous study in mast cells reported increased cytokine production in Nbeal2 −/− mice, 8 we assessed cytokine production after in vitro stimulation with K. pneumoniae, production of TNF-α, IL-6, and CCL2 was however unaffected by Nbeal2 deficiency ( Figure IVF through IVH in the online-only Data Supplement).
Nbeal2 Deficiency Enhances Leukocyte Migration to the Bronchoalveolar Space During Gram-Negative Pneumosepsis
We next investigated the impact of Nbeal2 deficiency on leukocyte functions during gram-negative pneumonia by K. pneumoniae (a model in which neutrophils are needed for protective immunity 23 ). Leukocyte differences between Nbeal2 −/− and control mice during pneumonia were similar to those in uninfected mice, with increased neutrophil and monocyte CD11b expression 12 hours after infection and increased MPO, elastase and NGAL plasma levels in Nbeal2 −/− mice at various time points after infection (Figure 2A through 2F ; P<0.05 versus controls). Neutrophil numbers, which before infection were higher in Nbeal2 −/− mice ( Figure 1A) , were no longer different between groups during infection ( Figure 2G ). Monocyte counts were also similar between mouse strains ( Figure 2H) .
To investigate leukocyte function during K. pneumoniae pneumonia, we assessed recruitment and migration capacity of leukocytes to the site of infection. bronchoalveolar space during pneumosepsis. Apart from migration, we also assessed neutrophil extracellular trap formation-a recently described neutrophil function that can influence bacterial killing 24 -by staining CitH3. 19 This was similar between groups (Figure VI in the online-only Data Supplement). These results show that Nbeal2 −/− leukocytes show enhanced transmigration to the bronchoalveolar space but that in the lung reduced levels of granule content are present. Considering similar neutrophil content in lung tissue in both groups ( Figure 3A through 3C) , these data suggest that neutrophils in the lung contain less granule content (further supported by Western blot analysis of neutrophils from bone marrow; Figure III in the online-only Data Supplement).
Nbeal2 Deficiency Does Not Influence Host Defense During Gram-Negative Pneumosepsis
As Nbeal2 deficiency can impair host defense after intravenous injection of S.aureus, 7 we evaluated the impact of Nbeal2 deficiency on host defense during K. pneumoniae pneumonia and sepsis. In accordance with our in vitro findings ( Figure IV in the online-only Data Supplement), Nbeal2 deficiency did not impair antibacterial defense, as bacterial loads were similar between groups throughout the infection ( Figure 4A through 4E) . In uninfected mice, no bacterial growth was detected in any organ (data not shown). Also, cytokine and chemokine levels in lungs, bronchoalveolar lavage fluid, and plasma were largely similar between groups except for higher lung (36 hours) and plasma TNF-α (42 hours) after infection in Nbeal2 −/− mice (Figure VIIA through VII-I in the online-only Data Supplement). Also, systemic reactive nitrogen species production (as measured by nitric oxide levels) was similar between groups (Figure VIIJ in the online-only Data Supplement). We furthermore scored the extent of lung inflammation making use of a scoring system that incorporates the main histological features of pneumonia 11 ; no differences were detected between groups ( Figure VIIK and VIIL in the online-only Data Supplement). These data indicate that Nbeal2 deficiency does not significantly alter antibacterial responses during gram-negative pneumosepsis.
Nbeal2 Deficiency Increases Organ Damage During Pneumosepsis
Akin to human sepsis, this model of pneumosepsis is associated with distant organ injury. 25 As neutrophil granule proteins can be harmful to the host, 9, 10 we assessed organ damage after infection. General cell injury, as assessed by plasma lactate dehydrogenase levels, was greater in Nbeal2 −/− mice 42 hours after infection ( Figure 5A ; P<0.005 versus control). Also, the plasma levels of aminotransferase and alanine aminotransferase, indicative of hepatocellular injury, were increased in Nbeal2 −/− mice at 42 hours (P<0.005 versus control), with liver inflammation (as scored by pathology) showing a similar trend (P=0.067; Figure 5B through 5E). Both endothelial activation and interactions between platelets and leukocytes contribute to microvascular thrombosis and organ damage 26 and components of α-granules can influence endothelial cells and platelet-leukocyte formation. Sepsis-induced endothelial cell activation (plasma soluble E-selectin levels) and plateletneutrophil and platelet-monocyte complex formation, which were similar between groups (Figure 5F through 5H). Systemic coagulation activation has also been implicated in organ injury during sepsis. 27 Plasma TATc levels were increased 42 hours after infection in Nbeal2 −/− mice ( Figure 5I ; P<0.05 versus control); however locally in the lung, the extent of fibrin deposition was not different (Figure VIII in the online-only Data Supplement). These data indicate that Nbeal2 deficiency results in increased distant organ injury during gram-negative pneumosepsis.
Nbeal2 Deficiency Increases Organ Damage During Endotoxemia
The infection model used here is associated with a gradually growing bacterial load, initially at the primary site of infection with subsequent dissemination associated with distant organ injury, thereby resembling human pneumonia-derived sepsis. Because Nbeal2 deficiency was associated with enhanced distant organ injury in this model, we considered it of interest to evaluate the impact of Nbeal2 deficiency on organ damage in another, more acute inflammatory setting in vivo. Therefore, we intravenously injected Nbeal2 −/− and wild-type mice with endotoxin to induce acute systemic inflammation and evaluated lung and liver pathology ( Figure 6A in line with findings during pneumosepsis, organ damage was increased in Nbeal2 −/− mice with higher plasma lactate dehydrogenase levels ( Figure 6A ; P<0.005 versus control), and a trend toward higher aminotransferase levels ( Figure 6B ; P=0.058 versus wild-type mice). In addition, the extent of liver inflammation (as scored by pathology) was increased in Nbeal2 −/− mice ( Figure 6D ; P<0.0005 versus control). Moreover, Nbeal2 −/− mice displayed increased lung pathology, mainly because of increased endothelialitis and edema (Figure 6E and 6F; P<0.05 versus controls), which was accompanied by higher lung concentrations of TNF-α and CXCL2 (Figure 6G through 6I ; P<0.05 versus control), with similar neutrophil numbers in the lung ( Figure 6J ). These data indicate that also during endotoxemia, Nbeal2 −/− mice show increased organ damage.
Platelet-Specific Nbeal2 Deficiency Does Not Result in Leukocyte Abnormalities
To assess whether differences observed in Nbeal2 −/− leukocytes were directly because of Nbeal2 deficiency or indirectly via a lack of α-granules components in platelets, we transfused Nbeal2 −/− or Nbeal2 +/+ platelets in plateletdepleted IL4R/GPIb-α mice. Transfused mice were infected with Klebsiella via the airways and euthanized after 36 hours. First, in a pilot experiment, depletion with anti-hIL4R antibody was validated and yields of transfusion were determined ( Figure X in the online-only Data Supplement). Mice transfused with Nbeal2 −/− platelets showed reduced platelet granularity indicating successful transfusion, whereas platelet counts were not different between groups (Figure XI in the online-only Data Supplement; P<0.05 versus transfusion with control platelets). Leukocyte counts, granularity, and CD11b expression, as well as MPO, elastase, NGAL, and MMP-9 levels in blood were similar between groups (Figure XI in the online-only Data Supplement). Also, no differences were present with regard to lung elastase, MPO, NGAL, and MMP-9 levels between groups (Figure XI in the online-only Data Supplement). Likewise, organ damage, measured by systemic lactate dehydrogenase, aminotransferase, and alanine aminotransferase levels, was similar between groups (Table I in the online-only Data Supplement). These data indicate that Nbeal2 deficiency directly (and not via α-granule deficiency) results in leukocyte abnormalities.
Platelet-Specific Nbeal2 Deficiency Does Not Influence Host Defense During Gram-Negative Pneumosepsis
Apart from leukocytes, platelets also play a crucial role in host defense during (Klebsiella) pneumonia. 11 Moreover, α-granules have multiple proteins that can directly influence immunity, including CXCL1, CXCL4, CXCL5, CXCL7, MIP (macrophage inflammatory protein)-1α, and CCL5 (RANTES). 1, 28 Using platelet transfusion in platelet-depleted IL4R/GPIb-α mice, we were able to assess the contribution of platelet-specific Nbeal2 deficiency to host defense (without the effect of leukocyte abnormalities). Bacterial loads were similar for both groups in all organs during Klebsiella pneumosepsis ( Figure 7A through 7D) . This indicates that α-granules are not exclusively needed for the capacity of platelets to protect host defense in gram-negative pneumonia and sepsis.
Platelet-Specific Nbeal2 Deficiency Is Associated With an Enhanced Bleeding Tendency
Platelets play a crucial role in the prevention of hemorrhage during pneumonia and sepsis. 11 To assess whether Nbeal2 deficiency affects bleeding during infection, we measured lung hemoglobin levels and scored bleeding in lung pathology slides in both full Nbeal2 −/− mice and plateletspecific Nbeal2 −/− mice (by platelet transfusion). Although full Nbeal2 −/− mice showed similar hemoglobin levels and bleeding score as control mice at all time points ( Figure 7E through 7G), bleeding was increased during in mice transfused with Nbeal2 −/− platelets, with higher bleeding score but similar lung hemoglobin levels (Figure 7H through  7J; P<0.05 versus controls) . These results indicate that in this setting, platelet Nbeal2 deficiency can impair vascular integrity.
Discussion
We here show that murine Nbeal2 deficiency, a model for human GPS, is associated with abnormalities in platelets, neutrophils, and monocytes. Although these anomalies did not impair host defense during gram-negative pneumosepsis, they did increase organ damage. Moreover, despite the crucial role of platelets in host defense, platelet-specific Nbeal2 deficiency did not impair immunity.
There have been 2 case series that reported abnormal neutrophils in patients with GPS, 4,5 although another study contradicted this. 6 These abnormalities included reduced secondary granules and secretory vesicles in neutrophils and increased expression of CD35, CD11b, and CD18 in resting neutrophils without any changes after fMLP stimulation. 4, 5 A recent study moreover showed that murine Nbeal2 −/− neutrophils have strikingly reduced granularity, with downregulated protein levels of granule components. 7 These findings are very much in line with our findings in Nbeal2 −/− mice, which show a striking decrease of neutrophil primary, secondary granules, and tertiary granules as well as increased CD11b expression and granule release. Notably, primary and tertiary granules in neutrophils were not decreased in GPS patients, 4, 5 suggesting that Nbeal2 affects granule trafficking differently between mice and humans.
How Nbeal2 results in decreased neutrophil granularity are of great interest. Sowerby et al 7 showed unaffected mRNA levels of granule components, ruling out reduced transcription as a possible cause. We here show that decreased granularity was linked to increased plasma levels of granule content. This indicates that either granule content is not adequately put into granules during hematopoiesis, or that leukocytes release their content directly when they enter the circulation. To further investigate this, we isolated neutrophils from bone marrow and found that levels of granule components were already strongly reduced. This indicates that granule contents are not adequately put in the neutrophils in the bone marrow and instead most likely leaks out into circulation.
A recent study described the interactome of Nbeal2 by using HEK cells and megakaryocytes and found Dock7 as an important binding partner. 29 In platelets, Dock7 might mediate the aberrant formation of platelets seen in Nbeal2 −/− mice. 29 Whether this is also the case for neutrophils and other leukocytes remain to be established. In GPS patients, leukocyte abnormalities found did not impair ex vivo functionality, with normal migration and oxidase activity. 4 To our knowledge, there are no published reports that describe an evident increased infection rate in GPS patients. 30 In mice, Nbeal2 deficiency impaired host defense after intravenous injection of S. aureus. 7 During (K. pneumoniae induced) gram-negative pneumonia and sepsis Nbeal2 deficiency did not impair antibacterial function. This is a striking finding, as neutrophil depletion 23 and elastase 31 and MPO 32 deficient mice have impaired host defense during (K. pneumoniae induced) gram-negative sepsis. These findings might be explained by the ambivalent changes seen with Nbeal2 deficiency; increased neutrophil counts, transmigration, and CD11b expression may aid antibacterial functions, whereas the decreased granule content may impair Nbeal2 −/− leukocyte antibacterial capacity. Moreover, cytokine production was not impaired, with similar levels in both groups and even higher levels in Nbeal2 −/− mice during endotoxemia. This is in line with a study in which mast cells from Nbeal2 −/− mice also released higher cytokine levels on stimulation with HSA-DNP. 8 The differential impact of Nbeal2 deficiency on protective immunity during systemic S. aureus infection 7 and Klebsiella-induced pneumosepsis might be related to differences in the infection models (direct intravenous administration versus a gradually growing bacterial load in the lungs subsequently spreading to distant organs). Even though neutrophils are needed for host defense during Klebsiella pneumonia and sepsis, 23 entry via the lung and gradual growth might enable other cells (eg, alveolar macrophages, which are more abundantly present in Nbeal2 −/− mice), to combat Klebsiella. After intravenous injection of S. aureus directly into the bloodstreams, these compensatory mechanisms might not be present. Together these data suggest that Nbeal2 deficiency does not result in impaired host defense against all pathogens, which might possibly explain why infection in GPS patients is not abundantly reported.
During pneumosepsis, Nbeal2 deficiency did increase organ damage, which was also seen during endotoxemia. Several mechanisms can possibly explain the increased organ damage. First, increased plasma levels of neutrophil granule proteins might mediate this, as they can induce tissue damage. 33, 34 Alternatively, increased coagulation (plasma TATc levels) seen at the late time point might contribute. 27 Finally, increased inflammation (mainly seen in the endotoxemia model) might contribute to the increased distant organ damage. Platelet-leukocyte complex formation and endothelial cell activation are also mechanisms that can influence organ damage, however, these were similar between groups.
Apart from leukocyte abnormalities, Nbeal2 −/− mice also have absent platelet α-granules. Platelets are important players in host defense during infection, 11, 35, 36 in part via GPVI (glycoprotein VI), 37 and platelet granules are crucial for their function. 1 Moreover, α-granules contain multiple proteins that can directly influence immunity, including CXCL1, CXCL4, CXCL5, CXCL7, MIP-1α, and CCL5 (RANTES).
1,28 CXCL4 can moreover directly induce increased proinflammatory cytokine release and phagocytosis by leukocytes 38, 39 and P-selectin, which is crucial for leukocyte-platelet binding, is important for host defense during pneumosepsis. 40 Despite this, transfusion experiments revealed that α-granule deficiency does not impair host defense during gram-negative pneumosepsis. This also suggests that GPVI deficiency, which impairs host defense to K. pneumoniae 37 is not mediated via α-granule content. P-selectin was however still detected in Nbeal2 −/− mice, in accordance with a previous report that localized it to α-granules deprived of soluble content. 4 It seems that α-granules are not exclusively needed for the capacity of platelets to protect against bacteria. There is however a great redundancy in platelet numbers, and quantity might compensate this qualitative defect. It could be possible that at lower platelets counts (eg, <10%), absent α-granules do impair host defense. Also of note, although we have shown that there is a dose-dependent effect of platelet counts on host defense in this model when counts are <10% of normal, 11 reduced platelet counts in Nbeal2 −/− mice to ≈50% did not impact host defense.
α-granules have been shown to be important in the prevention of bleeding during both traumatic injury 20, 21 and during thrombo-inflammatory brain infarction. 20, 41 Also, platelets are important for the maintenance of vascular integrity during sepsis. 11, 37 In the presence of normal platelet counts before infection, normal wild-type mice do not show hemorrhage in this model of severe pneumosepsis, 11, 37 which was confirmed here. Indeed, only in mice with severe thrombocytopenia lung bleeding occurs during infection, pointing at redundancy in numbers and pathways by which platelets maintain vascular integrity.
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Although Nbeal2 −/− mice did not show significant bleeding during pneumosepsis, after transfusion with control or Nbeal2 −/− platelets into platelet-depleted IL4R/GPIb-α mice, increased bleeding was seen in lung tissue of mice that had received Nbeal2 −/− platelets, although lung hemoglobin levels were not different between groups, pointing at a modest effect. Increased lung hemorrhage in the platelet transfusion experiments might be explained by the fact that platelet counts were ≈30% in IL4R/GPIb-α mice one day after being transfused with either Nbeal2 −/− or Nbeal2 +/+ platelets compared with nontransfused mice. This yield is calculated from our transfusion pilot with wild-type platelets. Possibly platelet α-granules only become involved in protection of vascular integrity in the setting of lower platelet counts. Of note, a study using a similar approach of transfusion of Nbeal2 −/− platelets in platelet-depleted mice in the setting of lipopolysaccharideinduced lung inflammation did not find a role for Nbeal2 in the protection of vascular integrity. 41 We have previously shown that although lipopolysaccharide-induced lung bleeding is mediated by GPVI, 18 in pneumonia it does not play a major role in the prevention of bleeding. 37 It therefore seems likely that in different settings platelets contribute to ensure vascular integrity through at least partially distinct mechanisms.
Nbeal2 −/− mice have been used as a model to study the function of α-granules in multiple conditions. 41, 42 Our study and others 7, 8 clearly show that Nbeal2 −/− mice have altered leukocytes and are therefore not an ideal model to study the role of platelet α-granules in processes which also involve leukocyte functions.
Nbeal2 deficiency results in reduced neutrophil and monocyte granularity and increased leukocyte transmigration, which did not impair host defense but was associated with increased organ damage during gram-negative pneumonia and sepsis.
